In this work, N,N-diethyl-trimethylsilylamine (EMSA) is used as an electrolyte additive for a 5 V-class high voltage LiNi 0.5 Mn 1.5 O 4 cathode. In presence of 0.5 wt.% EMSA, Li/LiNi 0.5 Mn 1.5 O 4 cell exhibits an attractive cycling performance compared to the cell without EMSA, improving the discharge capacity retention from 76.1 % to 84.9% after 500 cycles at 1 C and 25 C, and from 52.4% to 94.8% after 100 cycles at 0.5 C and 55 C.
INTRODUCTION
Spinel LiNi 0.5 Mn 1.5 O 4 is considered to be a promising cathode material for advanced lithium ion batteries used in electronic devices and has a higher energy density due to its moderate specific capacity of 147 mAh g -1 and its high operating voltage of approximately 4.7 V vs. Li/Li + [1] [2] [3] [4] .
However, the interfacial instability between electrode and electrolyte under high voltage conditions that gives rise to the substantial decomposition of the standard carbonate-based electrolyte is a major challenge for the practical application of this high voltage LiNi 0.5 Mn 1.5 O 4 cathode [5] [6] [7] . Moreover, the LiPF 6 salt that is commonly used in the standard electrolyte is susceptible to heat and trace water [8, 9] . The thermal decomposition of LiPF 6 at elevated temperature produces a highly active acid, PF 5 , which is an initiator for electrolyte decomposition [10] . Sloop et al. [11] demonstrated that PF 5 can catalyze the ring-opening polymerization of ethylene carbonate and lead to the production of a poly(ethylene oxide)-like polymer. It is important to note that trace amounts of water readily cause hydrolysis of LiPF 6 and then generate HF, facilitating electrolyte decomposition and promoting transition metal ion dissolution from the cathode [12, 13] . The HF and other phosphoric acid products (HPO 2 F 2 , H 2 PO 3 F, H 3 PO 4 ) generated by the hydrolysis reaction of LiPF 6 severely consume active Li + to form LiF and Li x PF y O z -type compounds [14] [15] [16] . These inorganic lithium salts tend to precipitate on the cathode surface and contribute to the formation of a resistive solid electrolyte interface (SEI) film [17, 18] . It is believed that the abovementioned aggressive reactions are responsible for the large irreversible capacity loss and distinct capacity fading of the LiNi 0.5 Mn 1.5 O 4 cathode. Extensive research has been conducted to prevent the defects induced by LiPF 6 , with a focus on finding electrolyte components that are suitable for high voltage cathodes. Fluorinated ethers and carbonates [19] , sulfones [20] , dinitriles [21] , and ionic liquids [22] combining new types of lithium salts [23] [24] [25] [26] , such as lithium difluoro(oxalate)borate, lithium bis(trifluoromethanesulfonyl)imide and lithium bis(fluorosulfonyl)imide, have been proposed for the development of high voltage electrolyte systems. Additionally, electrolyte additives with the function of stabilizing LiPF 6 have been used to enhance the cycling capability of various cathode materials. Pieczonka et al. [27] reported that a lithium bis(oxalate)borate additive can stabilize the carbonate-based electrolyte by scavenging the PF 5 that is generated by the thermal decomposition of LiPF 6 . As a result, electrolyte decomposition and HF generation were suppressed, which in turn resulted in a better cycling performance of the LiNi 0.42 Fe 0.08 Mn 1.5 O 4 cathode. Hisayuki et al. [28] demonstrated that plausible acid derived from the reaction of LiPF 6 with water causes capacity fading of Li 1.01 Mn 1.99 O 4 at 80 C. Surprisingly, an improved cycling performance of the cathode was achieved after the electrolyte was dehydrated and acid-neutralized by hexamethyldisilazane. Li et al. [29] reported that heptamethyldisilazane can be combined with HF to form a stable compound in the electrolyte, leading to an enhanced storage stability and cycling performance of the Li/LiMn 2 O 4 cell. Recently, Song et al. [16] carried out a comparative study by using some phosphite-based additives, including triphenyl phosphite, trimethyl phosphite, tris(2,2,2-trifluoroethyl) phosphite, and tris(trimethylsilyl) phosphite in Li/LiNi 0.5 Mn 1.5 O 4 cells. Their investigation revealed that these additives are efficient for mitigating the hydrolysis of LiPF 6 , for eliminating HF from the electrolyte and for creating a protective SEI film on LiNi 0. for the initial three cycles between 3.5 and 5 V using a LAND battery test system (CT2001A, Wuhan Land Electronics Co. Ltd.). Then, the cells were cycled at a current of 1 C at 25 C and 0.5 C at 55 C, respectively. Li/graphite cells were also galvanostatically cycled at 0.1 C (1 C=372 mA g -1 ) for three formation cycles and 0.5 C for the remaining cycles between 0.01 and 3 V at 25 C. For surface characterizations, the cycled Li/LiNi 0.5 Mn 1.5 O 4 and Li/graphite cells were disassembled in a glove box. The LiNi 0.5 Mn 1.5 O 4 and graphite electrodes were washed three times with anhydrous dimethyl carbonate (DMC) to remove the residual electrolyte components, and the resulting materials were dried in vacuum at 40 C. The surface morphologies of the electrodes were observed by scanning electron microscopy (SEM, S3400N, Hitachi). X-ray photoelectron spectroscopy (XPS, Quantera-Ⅱ , Ulvac-Phi) was performed with Al K (h=1486.6 eV) radiation under ultrahigh vacuum using a 0.1 eV step and 26 eV pass energy. The binding energy was calibrated by the hydrocarbon C1s line at 284.6 eV.
To investigate the effect of EMSA on HF removal from the electrolyte, 0.2 vol.% water was added to the blank and EMSA-containing electrolytes. The 19 F nuclear magnetic resonance ( 19 F NMR) spectra of these electrolytes were recorded on an Agilent spectrometer (VNMRS 400) using KF solution as an external reference. The following experiment was carried out to clarify the dissolution behavior of the transition metal ions from the LiNi 0.5 Mn 1.5 O 4 cathode. Fresh cathodes were placed into sealed vials with a 500 L-blank and EMSA-containing electrolytes under argon atmosphere. After storage at 60 C for 5 days, the amount of the Mn and Ni ions in these electrolytes were measured by inductively coupled plasma atomic emission spectrometry (ICP-AES, Optima 7000DV, Perkin Elmer). than that of the cathode without the additive. Therefore, the LiNi 0.5 Mn 1.5 O 4 cathode cycled in an EMSA-containing electrolyte exhibits a reduced Coulombic efficiency of 71% compared to the cathode cycled in the blank electrolyte (82%) in the first cycle. This result may be ascribed to the irreversible reaction caused by EMSA during the first charge process. Cyclic voltammetry was carried out to better understand the electrochemical behaviors of blank and EMSA-containing electrolytes. [7] . In the first cycle, the oxidation current of the EMSA-containing electrolyte starts slightly earlier than the blank electrolyte, and then showing smaller redox current of nickel. This result suggests that EMSA is oxidized preferentially to the blank electrolyte, which is in agreement with Fig.  1a . Interestingly, the subsequent cycle shows better reversibility, i.e. less difference in redox peak potentials, for the cathode in the EMSA-containing electrolyte than that in the blank electrolyte. This improved reversibility may benefit from the high quality SEI film modified by EMSA. After three formation cycles at 0.1 C rate, the Li/LiNi 0.5 Mn 1.5 O 4 cells with different electrolytes were cycled at 1 C rate between 3.5 and 5 V. As can be seen in Fig. 2 , fast capacity fading is observed in the cell with the blank electrolyte that only exhibits a discharge capacity retention of 76.1% based on the discharge capacity at the 4th cycle. On the contrary, a more stable cycling behavior is achieved with the addition of 0.5% EMSA, delivering a discharge capacity of 109 mAh g -1 , with a high capacity retention of 84.9% after 500 cycles. The Coulombic efficiency of the cell with EMSA is slightly more stable than that without EMSA, maintaining above 99% after 35 cycles. It is thought that EMSA is involved in forming a SEI film that effectively reduces the oxidative decomposition of the electrolyte on the LiNi 0.5 Mn 1.5 O 4 cathode surface. Electrochemical impedance spectroscopy was conducted to investigate the effect of EMSA on the cycling performance. The impedance spectra of the Li/LiNi 0.5 Mn 1.5 O 4 cells with and without the additive measured after 100, 300 and 500 cycles are presented in Figs. 3a and 3b . During charge/discharge cycling, two intersecting semicircles and a sloping tail are observed. According to previous reports [30] [31] [32] [33] , the semicircle in the high frequency range is related to the surface film resistance on the electrode (R f ), and the semicircle located in the middle frequency range corresponds to the charge transfer resistance between the electrode and electrolyte (R ct ). The low frequency straight line is associated with the Li + diffusion process in the bulk of the electrode. These spectra are fitted by using the equivalent circuit model, as shown in the insert in Fig. 3a , and the resultant values are summarized in Table 1 . The values of R f and R ct of the Li/LiNi 0.5 Mn 1.5 O 4 cells with and without EMSA are comparable as cycling proceeds. In other words, the addition of EMSA is unable to create a less-resistive surface film on the electrode that would facilitate the charge transfer reaction. This implies that the enhanced cycling performance of LiNi 0.5 Mn 1.5 O 4 bought by EMSA is probably due to the unique function of the EMSA scavenging HF from the electrolyte.
RESULT AND DISCUSSION
The cycling performances of Li/LiNi 0.5 Mn 1.5 O 4 cells with different electrolytes were further tested at an elevated temperature of 55 C and a small rate of 0.5 C, where the unwanted interfacial side reaction between cathode and electrolyte becomes more severe. Fig. 4a clearly shows that the cell with the EMSA additive shows substantial improvement in capacity and cycling stability. A reversible discharge capacity of 120 mAh g -1 can be obtained for the cell with an EMSA-containing electrolyte after 100 cycles at 55 C, corresponding to a capacity retention of 94.8%. In contrast, for the cell with the blank electrolyte, the discharge capacity continuously decreases from 128.1 mAh g -1 to 67.1 mAh g -1 over 100 cycles, resulting in an inferior capacity retention of 52.4% (these data are obtained from our previous report and are used for comparison [34] ). Moreover, the Coulombic efficiencies of these cells are given in Fig. 4b . As shown in Fig. 5a , the surface of the fresh cathode is very clean and smooth. A distinct difference can be observed between the cathodes cycled in blank and EMSA-containing electrolytes at high temperature. It is found that the LiNi 0.5 Mn 1.5 O 4 cathode cycled in the blank electrolyte is covered with many degradation species (Fig. 5b) . The decomposition of the electrolyte concurrently generates species such as lithium alkyl carbonates, polycarbonates and LiF [35] . These products tend to participate in the formation of a resistive SEI film on the cathode surface. However, the cathode cycled in the EMSA-containing electrolyte exhibits a similar morphology to that of the fresh cathode, covering a uniform SEI film (Fig. 5c ). This result further confirms that the addition of EMSA effectively suppress the decomposition of the electrolyte and improve the stability of the cathode/electrolyte interface.
XPS was employed to analyze the surface composition of the LiNi 0.5 Mn 1.5 O 4 cathodes after 100 cycles at 55 C in blank and EMSA-containing electrolytes, as shown in Fig. 6 . The XPS data for the fresh cathode and cathode cycled without EMSA have also been reported by us [34] . The characteristic peaks of the fresh cathode originated from graphite, the PVDF binder and LiNi 0.5 Mn 1.5 O 4 and are located at 284.6 eV (C-C), 286.1 eV, 290.9 eV, 688.1 eV (C-F) and 529.7 eV (Metal-O), respectively. In the C1s and O1s spectra, additional peaks associated with C=O (288.7 eV, 531.7 eV) and C-O (286 eV, 533.1 eV), which are the decomposition products of electrolyte components, arise in the cycled cathodes. The intensities of the two peaks obtained from the cathode cycled in the blank electrolyte are relatively stronger than of those of the sample in the EMSA-containing electrolyte, demonstrating that the SEI film modified by EMSA effectively diminishes the oxidative decomposition of the electrolyte. In the F1s spectra, the cycled cathodes exhibit two major peaks corresponding to the PVDF binder (687.9 eV) and LiF (684.9 eV). Specifically, the cathode without the additive exhibits a distinctly stronger LiF peak compared to that of the cathodes with EMSA. F1s peak related to PVDF in the cycled cathode with EMSA is stronger than the one without additive, indicating that a thinner SEI film is formed in the presence of EMSA. As for the P2p spectra, a much weaker Li x PO y F z peak can be seen at the cathode cycled in EMSA-containing electrolyte, while the Li x PF y peak is non-detectable. Analysis of the Si2p spectra of the cathode cycled with EMSA shows a characteristic Si-C peak at 102 eV. This organic silicon based compound is likely produced by the reaction between EMSA and HF [36] . The XPS results reveal that the blank electrolyte decomposes more easily at the cathode surface after prolonged cycling at high temperature, covering the surface of LiNi 0.5 Mn 1.5 O 4 with more resistive decomposition products (such as LiF, Li x PO y F z and Li 2 CO 3 , etc.). While the HF is eliminated by EMSA, it mitigates the electrolyte decomposition and consequently enhances the stability of the cathode/electrolyte interface.
To understand the function of EMSA in HF removal from the electrolyte, 0.2 vol.% water was added to the blank and EMSA-containing electrolytes, and these electrolytes were then stored at 25 C for 48 h. (Fig. 7b ). This result indicates that HF in the electrolyte is totally eliminated by EMSA. Table 2 shows that the dissolved amounts of Mn and Ni ions from the fresh cathode stored in EMSA-containing electrolyte decrease by more than half compared to that of stored in blank electrolyte. This suggests that Mn and Ni dissolution are retarded by removing HF from the electrolyte. Thus, this finding provides indirect evidence for the prominent HF scavenging function of EMSA. Fig. 8 shows the cycling performances of Li/graphite cells in blank and EMSA-containing electrolytes at 25 C. In the first three cycles, the cells were subjected to a formation cycle at 0.1 C rate and then cycled at 0.5 C rate. Throughout the entire cycling test, the performance of the cell with EMSA is superior to that of the cell without EMSA, delivering a charge capacity of 400 mAh g -1 at the 100th cycle. On the other hand, the cell cycled with the blank electrolyte exhibits a charge capacity of only 372.2 mAh g -1 after 100 cycles. Due to a large quantity of acetylene carbon black is used in the graphite electrode, the obtained capacity is larger than the calculated capacity of graphite. The Coulombic efficiencies of the Li/graphite cells are maintained close to 100% over 100 cycles, irrespective of the incorporation of EMSA. It is believed that EMSA is beneficial for the enhancement of the cycling performance of the graphite anode by eliminating HF from the electrolyte and consequently stabilizing the anode/electrolyte interface. Persuasive evidence for the positive impact of EMSA on the improved stability of the anode/electrolyte interface is presented in Fig. 9 . The electrochemical impedance spectra of the Li/graphite cells with and without EMSA were measured prior to cycling and after 100 cycles. The graphite anode cycled in the electrolyte with EMSA exhibits a smaller resistance than that cycled in the blank electrolyte prior to cycling and after 100 cycles, indicating that an improved quality of anode/electrolyte interface constructed by the addition of EMSA allows facile charge transfer and thus results in a better cycling performance.
CONCLUSION
We reported that EMSA is an efficient electrolyte additive for enhancing the electrochemical performance of a high voltage LiNi 0.5 Mn 1.5 O 4 cathode. After 500 cycles at 1 C and 25 C, the Li/LiNi 0.5 Mn 1.5 O 4 cell with 0.5% EMSA delivered a discharge capacity of 109 mAh g -1 , with an improved capacity retention of 84.9%. The cycling performance of the cell with EMSA at 0.5 C and 55 C was also encouraging, raising the discharge capacity retention from 52.4% to 94.8%. Our studies revealed that EMSA was able to eliminate HF and to enhance the interfacial stability between LiNi 0.5 Mn 1.5 O 4 and the electrolyte. This unique function of EMSA was essential for the suppression of the undesirable electrolyte decomposition and transition metal ion dissolution, as well as the preservation of the favorable performance of the LiNi 0.5 Mn 1.5 O 4 cathode. In addition, EMSA showed a positive effect toward the graphite anode, increasing its charge/discharge capacity by approximately 8% throughout the entire 100 cycles. We believe that EMSA, which has the ability to scavenge HF, is a promising additive candidate for improving the cycling performance of lithium ion batteries with a standard carbonate-based electrolyte, especially at elevated temperatures.
